INTRODUCTION
The fragility of high latitude ecosystems, their dependence on ice-cover and extreme seasonality in irradiance and temperature make them a major focus of the studies on global change (e.g. Cavalieri et al. 2003 , Johannessen et al. 2004 , Smetacek & Nicol 2005 . In this regard, west Greenland waters are particularly relevant, not only because they fit into the category of endangered ecosystems but for the potential socioeconomical implications of any change in the pelagic food web. The west Greenland marine ecosystem is very productive and sustains commercial and recreational fishing and hunting, which largely contribute to Greenland's total export income. A disruption in the lower levels of the food web, induced for example by climate change, will likely propagate to higher levels in the food chain and threaten the sustainable harvesting of marine resources. For instance, large calanoid copepods are the preferred food source of cod and other commercial fish larvae in west Greenland waters (Bainbridge & McKay 1968) . The copepods feed on microzooplankton and phytoplankton (Barthel 1988 , Levinsen et al. 2000a and are vulnerable to changes in their biomass and distributions. In most marine systems, microzooplankton are the major grazers of phytoplankton and very important secondary producers (Levinsen et al. 2000b , Sherr & Sherr 2002 . Consequently, the early life and recruitment of many commercially exploited fish stocks ultimately depends on primary production and on how it is channeled to higher trophic levels by microzooplankton and copepods (Levinsen et al. 2000b) . It is therefore essential to understand the structure and functioning of the planktonic food web so that potential abrupt changes, which can have considerable economic and ecological impact, can be modeled and possibly predicted as the Greenland climate changes and anthropogenic activities in the region increase.
The Godthåbsfjord area is of great importance for the local fisheries (Storr-Paulsen et al. 2004 ) and is among the largest fjord systems in the world. Surprisingly, it is understudied, and the majority of research carried out on the plankton ecology of the system has focused on copepods and fish larvae (Munk et al. 2003 , Pedersen et al. 2005 , Simonsen et al. 2006 , Tang et al. 2011 ). To our knowledge, there are a limited number of studies detailing the microbial food web in these waters and none of them quantify rates of microzooplankton grazing and growth, instead largely inferring microzooplankton grazing from community biomass and equations from the literature (Poulsen & Reuss 2002 , Pedersen et al. 2005 , Arendt et al. 2010 ). This study stands to rectify this and present novel insight into the plankton dynamics and flow of energy through the microzooplankton of this important system.
Here, we focus on the interaction between phytoplankton and microzooplankton with the goal of determining how much of the primary production (PP) is consumed by the microzooplankton (Sherr & Sherr 2002 , Levinsen & Nielsen 2002 , Calbet 2008 . We define the group microzooplankton as all the grazers < 500 µm, which in our study was mostly protozoans. The area investigated encompasses 2 important spawning areas for the Greenland cod Gadus morhua: the Fyllas Bank and Godthåbsfjord (Storr-Paulsen et al. 2004) . Along the fjord we expected to traverse very contrasting trophic scenarios. Offshore, Fyllas Bank is highly influenced by the oceanography of the west Greenland Shelf and Davis Strait. The entrance and main body of Godthåbsfjord experience extensive tidal mixing and water exchange , leading to enhanced production of phytoplankton (Arendt et al. 2010) . The inner part of the Godthåbsfjord is influenced by glacial nutrient-rich melt water and characterized by high phytoplankton abundances , Tang et al. 2011 . Finally, the Kapisigdlit branch of the fjord is mostly unaffected by direct glacial melt water and is a known area of spawning for cod (Storr-Paulsen et al. 2004) .
MATERIALS AND METHODS
This study was part of the Biological Oceanography of Fyllas Bank−Godthåbsfjord (BOFYGO) cruise that was conducted with RV 'Dana' from June 6 to 24, 2010. The sampling area spanned the Fyllas Bank, off southwestern Greenland, to the inner part of the Godthåbsfjord (Table 1, Fig. 1 ). At each station salinity, temperature, and chlorophyll a fluorescence profiles were recorded during the early morning using a CTD (SBE 19plus, SeaCat) and a Turner Designs fluorometer (Cyclops 7). Water samples for the determination of inorganic nutrients and chlorophyll a concentrations (hereafter chl a) were ob tained using a rosette with twelve 10 l Niskin bottles. Dissolved inorganic nutrient samples (phosphate, nitrate, and silicate) were immediately frozen (−20°C) for later analysis on a Skalar autoanalyser (Breda, Netherlands) , following the procedures of Hansen & Koroleff (1999) . The precision (analytical reproducibility) of the nutrient analyses was 0.06, 0.1, and 0.2 µM for phosphate, nitrate, and silicate, respectively.
We also estimated the phytoplankton growth and the microzooplankton grazing rates using the dilution technique (Landry & Hassett 1982) at each station on total (GF/F filtered) and >10 µm chl a. The water for the experiments was collected at the fluorescence maximum (Table 1 ) using 30 l Niskin bottles. We gravity-filtered a portion of the water through a Pall Acropak 0.8/0.2 500 capsule (0.2 µm final pore size) that, together with its tubing, was flushed previously with diluted HCl and rinsed thoroughly afterwards with deionized water. We then poured measured volumes into a series of 2.3 l acidwashed polycarbonate bottles for each dilution treatment. At stations in which the fluorescence profile showed very high values at the maximum, we sampled and filtered water from just below the fluorescence maximum to avoid filter clogging. The remaining volume of the bottles was filled to the top with 500 µm nylon-mesh reverse-filtered natural seawater from the selected depth to produce the following dilution series: 12.5, 25, 50, 75, and 100% of natural water. Visual examination after the filling of the bottles revealed no significant numbers of copepods in them. Moreover, an examination of 2 l of the initial water filtered through 40 µm mesh did not show many cope pods either (maximum 1 to 2 small Oithona spp.). All handling and filtration was carried out under dim light conditions to avoid cell light-damage. To fulfill the assumptions of the method, instantaneous phytoplankton growth should be the same in all the dilution bottles. To ensure this, each bottle was amended with 10 µM of ammonium (NH 4 Cl), 0.7 µM of phosphate (Na 2 HPO 4 ), and 1 to 2 µM of silicate (Na 2 SiO 3 ). The added nitrogen was in the form of ammonium because it is more readily taken up by algae than nitrate (Dortch et al. 1991) . We also added silicate to promote constant growth of diatoms. In addition, 2 extra 100% (i.e. undiluted) bottles were prepared without nutrients to assess the natural growth of the algae and to serve as initial samples. Each 2.3 l bottle was used to sequentially fill (gentle siphoning) 2 replicated dilution incubation bottles (1 l acid-washed polycarbonate).
At Stns GF6, GF11 and K2 we carried out an additional dilution grazing experiment in which we reverse filtered the natural water through a 20 µm sieve. Otherwise, these bottles were treated as above. The aim of this experiment was to investigate whether grazing of phytoplankton was due to small zooplankton (< 20 µm) or large ones (20 to 500 µm). By removing the > 20 µm fraction, the food chain is disrupted and grazers < 20 µm are favoured, as their predators are absent. Therefore, if < 20 µm grazers were responsible for most of the grazing activity on phytoplankton, these fractionated experiments should show either equal or higher grazing coefficients than the standard dilution experiments conducted with the same water. Conversely, if major grazers were > 20 µm, the grazing detected in these bottles should be severely diminished.
We incubated all the bottles in a 600 l opaque PVC incubator with open-circuit water running from a 5 m depth at a temperature about the same as that in situ. To guarantee similar light intensities to that at the fluorescence maximum we dimmed the natural sunlight with an appropriate dark plastic mesh (reduction of 80 to 90% of surface light, depending on the station). The bottles were gently mixed by repeated turning and repositioned in the incubator at least 4 times per day. The incubations were terminated after 25 to 30 h, and samples for the quantification of total and >10 µm chl a concentrations were taken. For < 20 µm treatments, only the total chl a was measured.
To determine total chl a, we filtered 100 to 200 ml of water (depending on the dilution level) under low vacuum pressure (<100 mm Hg) through Whatmann glass fibre filters (GF/F, 25 mm diameter). For the >10 µm fraction, we filtered 150 to 300 ml through 10 µm polycarbonate filters (25 mm diameter, Osmonics). After filtration, the filters were stored frozen at −20°C until analysis and then extracted in 96% ethanol at room temperature for 12 to 18 h (Jespersen & Christoffersen 1987). Fluorescence was then measured before and after acidification, on a fluorometer (TD-700, Turner Designs) calibrated with a pure chl a standard. The fluorescence signal measured by the fluorometer deployed with the CTD was calibrated with extracted chl a measurements from the entire vertical profile using a linear regression. A separate regression was carried out for each station as the relationship was found to vary across the transect. The calibrated fluorescence profiles are used here to only reveal the relative vertical distribution of the phytoplankton biomass and its links to water column structure. For calculations, only the laboratory measured chl a concentrations are used.
Acid Lugol preserved samples (1% final concentration) were taken to characterize the initial microplankton concentration. Unfortunately, the commercial Lugol used was inappropriate to preserve micro zooplankton, and samples were lost, except for Stns GF10bis, GF11, K2, and K4 that were preserved with self-made Lugol (Throndsen 1978) . Although these samples do not provide a comprehensive view of the microplankton distribution along the fjord, they are presented to have a better understanding of these sites. The samples were processed by settling 100 ml in Utermöhl chambers for at least 48 h prior to counting them using an inverted microscope (XSB-1A). The whole chamber, or a fraction of it for the smallest and more abundant organisms, was counted at 100, 250, and 400 × magnification, depending on the group. Fifty to 100 cells per group were sized, adjusted to their closest geometric shape, and converted into carbon using the equations of MendenDeuer & Lessard (2000) .
Phytoplankton mortality rates (m; d −1
) were computed as the slope of the linear regression between net growth rate of chl a and the dilution factor for the nutrient-amended bottles (Landry & Hassett 1982) . Instantaneous phytoplankton growth rates (μ; d ; no nutrients added) to the mortality rate of microzooplankton from dilution experiments when the latter was significant
) was obtained according to Landry et al. (2000) by multiplying μ by the average concentration of chl a during the incubation
, where C o is the initial chl a concentration and t is the incubation time (d).
RESULTS

Physical environment
Different oceanographic regimes were observed along the transect (Figs. 1 & 2) . At the Fyllas Bank stations (Stns FB3.5 and FB2) the upper 100 m of the water column consisted largely of 2 layers: a warm (> 3°C) surface layer between 10 and 15 m thick with a salinity of approximately 33.1 and an underlying layer of colder (< 2°C) and slightly more saline water (Fig. 2) . At the region near the entrance of the fjord between the Bank and the eastern most fjord sill (Stns GF1−GF3) the water column was comparatively well mixed (Fig. 2) . Further east into the main branch of the fjord and towards both the glaciers and Kapisigdlit, the water column was stratified (Stn GF6). The warmest waters were measured at the surface of the Kapisigdlit branch (Stns K2 and K4), whilst the lowest salinity surface waters were found where glacier melt water was influential (GF 10 and 11).
The regional differences in the water column structure were also mirrored in the vertical distribution of the major nutrients (Fig. 3) . At the Fyllas Bank nutrients were depleted in the upper mixed part of the water column (Fig. 3) . In the outer mixed part of the fjord (Stns GF1−GF3) high concentrations of all major nutrients were measured throughout the water column. In the Kapisigdlit branch (Stns K2 and K4) the phosphate and nitrate were close to detection limit in the upper freshwater-impacted part of the water column, from where they increased towards the bottom (Fig. 3) . The highest surface concentrations of nutrients were measured at the innermost station in the Godthåbsfjord, where the freshwater outlet from the glacier resulted in subglacial circulation ) that caused upwelling of nutrient rich subsurface water (Stn GF11).
Community structure
The initial concentrations of chl a at the fluorescence maximum for each experiment and the proportion of the total chl a >10 µm are presented in Table 1 . Total chl a concentrations at the fluorescence maximum were quite similar at most stations, ranging from 0.7 to 2.7 µg chl a l −1 . However, concentrations were greater near the glacier (4.87 to 12 µg chl a l −1 ; Stns GF10, GF10bis, and GF11), which mostly corresponded to >10 µm cells (diatom chains; Table 2 ). Small cells dominated the phytoplankton community biomass at the mouth of the main fjord and in the Kapisigdlit branch. At the latter stations (Stns K2 and K4), a very heterotrophic community was present with a clear predominance of large ciliates ( Table 2) .
The vertical distribution of chl a is presented in Fig. 4 . Fyllas Bank stations showed a deep chl a maximum ca. 30 to 40 m (note Stn FB2 was a very shallow station on the Bank). At the mouth and sill region of Godthåbsfjord (Stn GF2), phytoplankton were relatively homogeneously distributed. In the fjord and beyond the sill region a clear subsurface chl a maximum was again found in a narrow and distinct layer matching the thermal stratification (Figs. 3 & 4) . On the other hand, in the Kapisigdlit stations the chl a maximum was very wide and reached very deep layers, quite below the thermocline (Fig. 4) ) of protists at the stations near the glacier (GF10bis and GF11) and Kapisigdlit fjord (K2 and K4) from 2 initial bottle measurements (see 'Materials and methods' section). Biomass of dominant taxa for each station is shown in bold
Phytoplankton growth and mortality rates
The analysis of the net growth rates in the 100% bottles without added nutrients (K o ) provide a proxy for the short-term natural evolution of the community during the incubations, although it does not resolve the mechanisms behind the observed rates (phytoplankton mortality versus growth). With this in mind, the data presented in Table 3 provide evidence that for most stations the phytoplankton community was growing or was rather stable (slightly diminishing in Stns FB3.5 and K4 for total chl a). For the main Godthåbsfjord stations, excluding Stn GF3 (see below), net growth rates increased towards the inner fjord and glaciers. Globally, net phytoplankton growth rates (K o ) showed a significant relationship with chl a (Fig. 5) . The comparison of the net growth rates in bottles without added nutrients (K o ) with those amended (K ) reveals that the areas with lower concentrations of chl a showed important phytoplankton growth enhancement because of the nutrient amendment (Fig. 6) . On the other hand, there was no apparent growth enhancement as a result of the addition of nutrients in the areas with higher chl a concentrations (Stns GF10bis and GF11; Fig. 6 ).
Besides the information provided by the net growth rates, further insights are obtained when these rates are analyzed together with the dilution experiments, as these provide estimates of instantaneous phytoplankton growth and mortality rates. These data show that the phytoplankton community was growing at higher instantaneous rates (0.2 to 0.4 d ; Table 3 ). The microzooplankton grazing control on phytoplankton, as a percentage of the potential primary production (pPP) consumed per day (Table 3, Fig. 7) , reveals a close coupling between producers and grazers in the middle part of the fjord and Kapisigdlit branch, a globally low, although very variable, grazing pressure in the Fyllas Bank and mouth part of the fjord, and an overall low pressure in the inner part of the Godthåbsfjord near the glacier. For this analysis we excluded Stn GF3 because the positive slope of the relationship between net growth rates and dilution factor, likely a result of trophic cascades during the incubations , prevents any interpretation of the data.
To better characterize the microbial food web structure of the system, we analysed the grazing activity on >10 µm phytoplankton in the standard dilution grazing experiments and on total chl a in the experiments without organisms > 20 µm. These data provide a measure of both the microzooplankton Table 3 . Summary of the dilution grazing experiment results for total chl a (GFF based) and >10 µm chl a at each station. The determination coefficients for the regression analyses are provided for the significant (p < 0.05) regressions. K o : phytoplankton net growth rate; μ: instantaneous growth rate in the 100% bottles without nutrients (μ = K o + m); m: mortality rate; pPP: potential primary production; % pPP: percentage of phytoplankton potential production daily removed by grazers (m/μ × 100); ns: not significant; nd: not determined because positive slope in the regression grazing impact on large phytoplankton and further insights into the size-fractions of the major grazers of the system. The grazing activity on >10 µm cells was only significant at Stns FB3.5, GF6, and 2 visits to Stn GF10 (Table 3 ). In the experiments where the food web was truncated by removing organisms > 20 µm (Stns GF6, GF11 and K2), we observed a clear reduction in grazing rates in 2 out of 3 stations (Table 4) , which indicates that > 20 µm grazers were exerting an important impact on the phytoplankton of the area.
DISCUSSION
Main scenario
In this section we will define how the physiochemical characteristics of the area shape the distribution of phytoplankton and how this is reflected in well defined zones within the study area.
Fyllas Bank stations corresponded to coastal water, largely composed of an intermediate between subpolar mode water flowing northwards and polar water originating from the Arctic Ocean and flowing south . In summer, increased ice melt and warming often influence these surface waters . Near the entrance of the fjord the water column was homogeneous, due to the constrained bathymetry and extensive tidal mixing. Overall, stratified surface waters were depleted in nutrients, except in areas with substantial vertical mixing, such as the sill and glacier region, where nutrient-rich subsurface waters are upwelled , replenishing nutrient concentrations. From the station furthest inside the fjord moving outward to the ocean, the surface nutrient concentration grad ually decreased. This characteristic distribution of inorganic nutrients matches the distribution, community size-structure, and activity of phytoplankton; high concentrations of fast-growing large cells were found near the glacier and small, less-abundant cells in the mouth of the main fjord and the Kapisigdlit branch. Whether this distribution is a characteristic of the area or a particular condition cannot be concluded at the present time as there are no previous studies on the subject in this branch of the fjord. In the open waters of the Fyllas Bank the chl a was mostly found in the >10 µm size fraction. These results support the findings of Arendt et al. (2010) in the same area in May 2006. According to these authors, Thalassiosira spp. represented the bulk of net phytoplankton near the glacier, which was corroborated by our observations, whereas other centric diatoms and prymnesiophyte Phaeocystis spp. largely contributed to the total abundance of phytoplankton in the rest of the fjord and adjacent coastal areas.
The differences observed in water column characteristics, chl a concentration and size composition allow us to establish 4 main areas in the study region: the Fyllas Bank stations, those in the mouth and sill region, the stations near the glacier, and the stations in the Kapisigdlit branch. The main biological areas established in this study based on the distribution, biomass and size structure of the phytoplankton community add further detail to the major domains described in the area according the hydrographic characteristics (Mortensen et al. 2011, Tang et al. ). This biological zonation of the fjord, as well as the distribution of chl a, coincide with previous reports from the area (Arendt et al. 2010 , Tang et al. 2011 ) and seem to be driven by the physical and chemical characteristics, mostly resulting from the interaction of the glacier water runoff with the circulatory patterns in the fjord . Nevertheless, some additional biological traits (e.g. grazing) may affect the structure of the community of producers.
Phytoplankton growth and mortality rates
Phytoplankton instantaneous growth rates (i.e. potential growth in the absence of grazing), even considering the in situ temperatures, are in the lower range of the average phytoplankton growth rates gathered by for polar (mostly Antarctic) areas. However, they are close to more recent estimates in different areas of the Arctic (Strom et al. 2007 , Sherr et al. 2009 . When grazing is taken into account, the net phytoplankton growth rates in the unamended bottles (K o ) show a significant relationship with chl a. Such a relationship seems to indicate a continuous nutrient supply where algae developed in dense blooms (i.e. in the vicinities of the glacier). These blooms appear not to be nutrient limited, as deducted by the null phytoplankton growth enhancement shown for the areas with higher chl a concentrations (Fig. 6) . However, away from the direct influence of the glacier the differences between the nutrientamended bottles and the unamended ones became, although variable, very substantial (up to ca. 250%). Some of this variability is because small differences in very low rates (some close to zero) sometimes result in a huge proportional increase, which calls for some caution when drawing general conclusions from these data. Nevertheless, our results seem to consistently indicate that in summer the majority of the nutrients supplied by fjord circulation and melt water at the glacier area are taken up and few nutrients are exported out of the fjord. This is also corroborated by the vertical profile of inorganic nutrients (Fig. 3) and coincides with the findings of Arendt et al. (2010) .
The question that remains to be answered, however, is whether the grazing by the microzooplankton can control the expansion of the phytoplankton bloom out of the fjord. The percentage of the potential primary production consumed per day indicates microzooplankton (dominated by large athecate dinoflagellates inside the fjord and by > 40 µm ciliates in the Fyllas Bank stations; Arendt et al. 2010) are unable to cope with the fast growing and numerous diatom chains forming the major bloom. This indicates the minor influence that microzooplankton had on very large cells (mostly diatom chains) and agrees with findings from other Arctic semi-enclosed areas (Strom et al. 2007 ). Consequently, most of the autotrophic biomass produced in the vicinity of the glacier likely settled, in the absence of strong mesozooplankton grazing. This seems to be the case, as the estimated copepod grazing impact on the phytoplankton of the fjord is very low (Arendt et al. 2010 , Tang et al. 2011 . The only available microzooplankton grazing estimates in the area are those from Arendt et al. (2010) , which were obtained by converting protozoan biomass into growth using temperature-related equations and then assuming a gross growth efficiency of 33% (Hansen et al. 1997) . These data are likely to be overestimations, given the assumption of an entirely autotrophic ingestion. Nevertheless, their estimate for grazing in fjord waters (37% of the pPP consumed daily) is not far from our estimates (44%, average for all Godthåbsfjord stations). On the other hand, our limited sampling in the Fyllas Bank rendered quite contrasting results (from 0 to 110% of the pPP consumed daily) to the earlier study (20%), although obviously, given the variability of our results, within the range.
A remark on the methodology used
An important aspect of our methodology is the addition of not only dissolved inorganic nitrogen and phosphorus to the dilution series, but also dissolved silicate in the form of Na 2 SiO 3 . The dilution technique (Landry & Hassett 1982 ) relies on several assumptions. A very important one is that phytoplankton growth rates should be unaffected by the dilution. If nutrients are limiting phytoplankton growth, diluting the sample may result in a higher growth in the more diluted treatments. The common way to circumvent this is to add enough nutrients to guarantee that the growth of the algae is unaffected by dilution. This necessitates the addition of a control series without nutrient addition in order to estimate the actual phytoplankton instantaneous growth rates. However, in the majority of studies using this technique the nutrients added are phosphate, nitrate and sometimes ammonium; silicate is seldom added to the experimental bottles. This omission to the nutrient pool may result in an overestimation of mor-tality rates in these systems dominated by diatoms and under dissolved silicate deplete conditions. If one nutrient is limiting, provided that direct uptake is faster and more efficient than the uptake of regenerated nutrients, the most diluted bottles will offer a richer environment for the less abundant cells. This implies that phytoplankton net growth rates in these bottles will be proportionally higher than in the bottles where the concentration of algae is larger and where the nutrients are depleted faster, leading to an increase in the slope of the regression equation between phytoplankton growth and dilution factor. Unfortunately, if this artefact occurs, it is difficult to detect and microzooplankton grazing rates will be overestimated. We therefore recommend the addition of silicate together with ammonium and phosphate to the dilution grazing experiments conducted in areas dominated by diatoms or in those where this nutrient may be limiting.
Conclusions
Overall, little of the PP generated near the glacier is exported out of the fjord. Whether this is a result of microzooplankton grazing activity in the fjord or sedimentation in the vicinity of the glacier remains to be determined. In any case, the grazing activity of the microzooplankton serves to retain the phytoplankton carbon in the surface layer rather than accelerate the vertical flux, as does grazing by mesozooplankton (Wassmann 1998) . In the inner part of the fjord, where melt water from the glacier causes subglacial circulation ) and upwelling of nutrient-rich waters in front of the glacier, the growth rate of the phytoplankton is much higher than the grazing capacity of the microzooplankton; however, as the water leaves the fjord the phytoplankton deplete the nutrients and the consumption from microzooplankton balances their production. Therefore, the phytoplankton production along the fjord waters seems to be retained in the system by microzooplankton, allowing little or no direct export production to the Fyllas Bank. 
